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Summary

Tungsten fiber reinforced copper matrix (WiCu) composite.,,
have served as an ideal mtxlel system with which to analyze

the pmperti_ of metal matrix. -mposites. A series of research
programs were conducted t_) investigat,_ the stress-strain

behavior of WICu composites; the effect of fiber content an

the strength, modulus, and conductivit3' of W/Cu composites;

and the effect of alloying elements on the behavior of tungslen
w;re and of W/Cu composites. Later programs investigated

the stress-rapture, creep, and impact behavior of these com-

posites at elevated temperatures. Analysis of the results of these
programs has allog, ed prediction of the effects of fiber

properties, matrix pr_pertie_, and fiber content on the

properties of W/Cu composites. Thane analyses formed the
basis for the rule-of-mixtures prediction of composite

properties which has been universally adopted as the criteria
for measuring composite efficiency. In addition, the analyses

allowed extrapolation of potential properties of other metal

matrix composites and were used to select candi -date fibers and
matrices for development of tungsten fiber reinforced super-

alloy composite, materials for highotemperature aircraft and
rocket engine turbine applications. This report summarizes the

W/Cu composite efforts conducted at NASA Lewis Research
Center, describes _me ef the results obtained, and provides

an update on more recent work using WlCu composites as

high-strength, high-thermal-conductivity composite materials

for high heat flux. elevated-temperature applications.

Introduction

Fiber-reitfforced metal mttrix composites offer a wide range

of material properties for potential materials to mcct specific

design and applicatkm requiret_ems. They combine the
._zngth and modulus of a fiber with th,- ductility and oxidation
resistance of a matrix (fig. 1). Most oi the current emphasis

on metal matrix composites is on low-darnley, high-modulus
fibers, wch as graphite, silicon carbide, or boron, to reinforce
matrices of aluminum, magnesium, titanium, or intermetallics.

Morn of the applications beittg considered for metal matrix
composites are in n relatively low temperature range. Space-

craft applications include antenna and structural applications

where the temperatures range from 366 K (200 "F) in the sun

to 166 K (-200 °F) in shadow conditions. Airframe applica-

tions range up to 478 K (400 "F) for supersonic flight

regimes. For applications such as thee. the high room-
temperature strength/density and stiffness/density of

composites offer major design advantages.

However, the propulsion system environment in aircrafl or

spacecraft presents a much more severe set of operating

conditions. Increased engine efficiency and reduced fuel burn

are the pritne goa!s sought by engine designers. These goals

place significant challenges on engine materials since these

goals can only be gained through the use of lower weight
materials, higher creep-strength/density materials, higher

temperature operation, and increased rotational speed with its

accompanying increased stress on rotating components (ref. I).

The main emphasis of metal matrix compcsite rcsearch at
NASA Lewis Research Center has traditionally been fix:used

on martials for aircraft engine applications, The majority of
these applied research programs have been aimed at two main

areas of engine components: creep-resistant tungsten fiber

reinforced superalloy matrix composites for the high-

temperature turbine section of the engine (ref. 2); and bird-
strike-resislant boron fiber reinforced aluminum matrix

composites for the fan section (ref. 3).
NASA Lewis efforts on metal matrix composites have

tmditiortally been focused on the improvement of high-

temperature properties. The first step in the development of
composites for elevated-temperature service was to fabricate
and analyze a metal matrix composite model system. This

model system was used to analyze the behavior of the model

composite and to generate a data base to allow prexlietion of

properties for other composite systems. The tungsten fiber
reinforced copper matrix (W/Cu) comix_site system was

chosen as a model to anslyr, the behavior of metal matrix

composites. "l'lgse results were used by NASA Lewis Re_search

Center to publish the first systematic, indelab analysis of the
behavior of metal matrix composigs in 1959 (ref, 4) and the

first mass-reader publication on metal matrix composites in

1960 (ref. 5).

Tungsten fil_r reinforced copper matrix composites served

as an ideal model system Io analyze the behavior of metal

matrix eon_osites because the two components--tungsten wire

and copper matrix--were mutually insoluble in each other.

were readily available at low eosl, and were easily fabricated

into eomposit_ by liquid infiltration. The availability of mate-

rials allowed fabrication of large numbers of test specimens
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covering a range of fiber contents and fiber diameters.

The mutual in_iubility of the components allowed a detailed

awlysis of the stress-swain behavior to deter_ne the contri-

lmtiom of each component to the properties of the composite..
A series of research prognwns were conducted m investigate

the stress-strain behavior of W/Cu composites; the effect of

fiber content on the strength, modulus, and electrical

conductivity of W/Cu composites; a_ the effect of alloying
elements on the behavior of tungsten wire and of W/Ca

composites. Later programs investigated the stress-rupture,
creep, and impac_ behavior of these composites at elevated

temperatures. Thee remits were used to select C_L.wJidatefibers

and matrices for the development of usable tungsten fiber

reinforced superalloy composite materials for high-temperature

aircraft and rocket engine turbine applications. This report

summarizes the W/Ca composite effi, rts conducted at NASA

Lewis R_search Center, describes some of the r_aflts o_ained,

and provides ml update on more recent work using W/Ca

composites as high-strength, high-thermal-conductivity com-
posite materials for high heat flux, elevated-temperature

applications.

MateriaLs and Fabrication

The basic WlCu model composite work used commercially

drawn type 2lgcs-tungsten filament wire (General Electric

Co.). This wire was selected for study becau_ of its high

tensile strength, its high recrystaBlzation temperature, its

availability in a wide range of diameters, and its relative case
of ht,ndling.

Oxygc_-fr¢¢, high-conductiv|ty (OFHC) copper was selected

as the primary matrix material for these tx_mposites. This

choice was based on copper's melting point (below a temper-
ature where the propertie_ of the tungsten wire are seriously

degraded by recrystallization), Its In._lubility in tungsten, and

the ability of mohen copper to wet tungsten, in addition,

copper alloys also were used as matrix materials. Selected

alloying additions were added to the pure copper matrix to
determine their effect on the behavior of the tungstcu wire and

on the properties of the composites.

Composite; were fabricated by liquid phase infiltration.

Continuous undirectional tungsten fibers were packed in

ceramic tubes to the desired fiber content. A slug of copper

was placed above the fiber bundle, and the _i_'rnbly was

placed in a furnace and heated to 147g K (2200 "F) for ! hr

in either a vacuum or hydrogen atmosphere. The molten

copper floaed over the tungsten fibers by gravity and

capillarity and fully infiltrated the fiber handle to form a sound,

fully dense composite. After infiltration, the composite rods

were removed from the ceramic tubes. Some rods v.ere

centerless ground into test specimens, while others had

threaded grips brazed onto their ends to make threaded, round

test specimens.

This method of fabrication allowed production of large
numbers of fully dense, pore-free composites, with accurately

aligned unidirectional fiber orientation, to be used for analysis

of the behavior of W/Ca composites. All testing was done in

the Iongin_linal direction, and all properde s were determined

in the direction parallel to the fiber axis.

Stress-Strain Behavior of Tungsten Fiber
Reinforced Copper Matrix CompoMtes

Analysis of the stre_s-strain curve of metal matrix

composites is the key to understanding the {_ehavior and

predicting the mechanical properties of composites. The W/Cu
composite system is an ideal model to evaluate the stress-strain

behavior of composites (refs. 6 and 7L "Fuagsten and copper

are mutually in_o!uble and have no interfaclal reaction. Both

the fiber and the matrix undergo plastic deformation at failure,
and the properties of each component are very reproducible

and consistent.

A set of stress-strain curves of WICu composites is presented

in figure 2. These curves show that there are four stages of

deformation in a ductile-fiber/ductile-rr_trix composite, such

as WICu. These stages are shown schematically in figure 3
for the fiber, matrix, and comlx:site. The stress on the
composite, at any point on the stress-strain curve, can be

representedby a volume-percent-welghted ruleoof-mixturea
relation connecting the stress on the fiber and the stress on

the matrix at the strain at that point on the curve:

a; = o_v_* a;,v. (I)

where o is the stress, V is the volume fraction, _nd ;he

subscripts c,f, and ra refer to the composite, fiber, and matrix

respectively. The superscript ° refers to the stress on each

A[,A :09/._, _',
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rehffor(_ COpper _lU'iX _pOS]te$ (ref_. 6 e_l 7).

component at the same swain and in the condition in which
it exists within the composite.

In stage I behavior, boih the fiber and the matrix undergo
el_sdc strain. Since each componc,nt i_ straining elastically.
tho composile el_ exhibits ela.qic behavior. "the modulus of
elasticity of the composite E¢ can be predicted by using n
ru]e-of-mixtures relation connecting the moduli of the fiber
and the matrix:

This linear relation between the moduli of the ftb_" argl the
matrix is shown by a plot of the dynamic modulus of elasticity
data from W/Cu composites over a range of fibcr contents
(fig. 4). The line shown on the figure represents the tie-of-
mixture, prediction connecting the modulus of the copper
m_trix with tlmt of the tungsten fiber.

lr_stage IIbehavi_,the fibers continue to strain elastically,
but the matrix has passed into plastic strain. For W/Cu
composites, the fibers continue to ttrai,', ela_cally to about
0,4 percent strain, while the copper matrix only strains
elastically to about 0.0_t percent strain. This strain transition

gives rise to a secondary modulus E" which can he predicted
by

• \e_ /
(3)

where (da,,/d,) is the slope of the stressostrain curve of the
plastically deforming matrix, A plot of the secondary modulus
of elasticits" of W/Ca composites, measur-_ from stress-strain
curves, is presenteA in figure 5 over a range of fiber contents.
The li_e _hown on the curve represenls a ie&st-squares fit of
the data. and the endpoints fall at th_ near-zero _lope of the
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Figur_ 3.--Schcmalk: repre_entallon of foul silges oF stress-strain behavior

of ta_al matrix compoti[es (trier :efs. 6 and 7).
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Figure 4.--Dynamic moduli)t of elz_llcily of ItmgJlcn, copper, and tungsten

fil_r reinforced copper ntalri_compos,}{_ (mfs. 6 and 7).
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strength,based on off_-tfrom theinitialmodulus shouldnot

be signific_dy differentfrom thatbased on the secondary

modulus. The line shown represents a least-squares fit of the

data obtained. Extrapolationof this curve to the endpoints

shows good agreement with the _ticipated yield strengths of
the copper n_trix and the tungsten reinforcing fiber.

Stage HI behavior continues until the ultimate strength of

the fiber is reached, which coincides with the slmin where

the ultimate tensile strength of the composite is also reached.

The ultimate ten,tie st,earth of the W/Cu composites can be
predicted using the equation:

o,.= _jr'i+ ._v_, (5)

where o,_, is _ stress on the r_trix at the strain at which the

fiber reaches its ultimate tensile strength. Ultimate tensile

strengths of WICu composites are p_nted in figure 7 over

a range of fiber contents. The line shown on the figure

re_'esent_the rule-of-mixturespredictionfrom equation(5).

The experimen_ data for W/Cu composites show excellent

agreement with the predic:ed ultimate strength line.
During stage IV behavi6r, the, fibers reach their ultimate

tensile strength and start to fail Initially, the fibers start to

break at random locations. Eventually, fiber breaks align in
a failure plane ar_l the remaining fibers in that cross section

stxess-su'ain curve of the plastically deforming copper matrix

and at the initial modulus of the still-elastic tungsten fiber.
In s_agc Ill behavior, bo_h the fiber and matrix are _raining

plastically. Again, the _re_ on the composite is equal to a
volmr_-perce_t-weighted rule-of-mixtures relation with the

stress on the f_er and on the matrix at the _amc equivalent

strain. The yield _trength of the convosite can be predicted by

% = %v: + o;v,. (4)

where _, is the stre_ on the matrix at the _rain at which the

yield _tren_h of the fiber h measured. For most matrices.

mess in,reales due to work hardening am not significant over

this s_rain range, compared with the differences in strength
between the tibet and the matrix. Therefore the value of the

yield streng_ of the n'um'ix oy. could be substituted for the

value of o_, in equation 4, if actual stress-strain data are not

available. Yield strength data for WICu composites are shown
in figure 6. The yield strengths of the composileg were

calculated ruing a 0.2 percent offgcl,based on the secondary

modulus for convenie_e of measurement. Because. the copper

stress-strain carve w_ fist in the plastic region, fl_e yield
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,f)_ .:,_



=l

i--

250O

2OOO

150_

3_0

m

280

t_
w 240 w

--i200 _

,SC&TTEIt

/
+-,+- /0

5_0 _O 0

_ [._ i i
0 20

FIILR C_IT[IlT, _ f[

Figi._'e7.--UIlimate tensile slr,+m.gthof +anlptenflb_r r_'_¢,,rced¢op1_.+rnmrix
composites(r¢_. 6 mn_7).

I_r.i:FJ_l_,£$5 ASp7
iLEFf_f,f.
HIILE-OF_IXTUR[5

PI_DICT]ON

(_o, (S))

f ._A__J
50 8O 100

fail, and the ]o_d drops rapidly. The composite is then held

together by ligatures of ductile, unreinforced matrix that

continue to main uatU they aim t_l. The stress on the

contrite drops as these ligatures break.
The effect of fiber content o_ failure strain is shown over

a ran.ge of fiber contents in figure 8. At low fiber content,

matrix ligatuTes were of emfficient size to continue to strain,
w_th tlae composite reaching a strain to failure of 10 percent
or more and the rcmainlng copter forming a locali_ed point

of ur_cinforced coppe'c baton: the "laat ligature failed. At higher

fiber coments, the composite suain to failure dropped to about

4 to 5 percent. Since the fibers broke at about 2 to 3 percent
str_, the wea_st fibers (with the lowest failure strains) broke

first, and tim compmite continued to attain at nearly full load
until the main fracture plane was established. After the fibers
at the fracture plane had broken, additional strain on th,"

composite occurred in the unreinforced copper ligature, only,

at very low stresses.
The rule-of.mixtures relation was also observed far tensile

test rcsu]U for W/Cu compgnites at cleated tempereaur¢_. The
ultimate temmilestrengths of W/Cu composites are plotted as a

ftmct/on of fiber content in figure 9 for a _efles of temperatures

up to t255 K (11100 *F) (rcf. 8). Results of tensile tests on

pth-e copper were also reported for temperamr_ up to 1089 K
(1500 *F) and on type 218CS-Itmgsten wire up to 922 K
(1200 "F}.

Properties of Composites Reinforced
With Discontinuous Fibers

All of the composides discussed previously were reinforc_

with colRinuous tmidirectional tungsten fibers. OtI_r compos-
i_s were fabr/cated with uniaxiaLly oriented, discontinuous-
fiber reinforcement and tested in the direc_on Farallel to the

fibers. Tungsten wire, 0.127 mm (5 nfil) in diameter, _as

chopped to lengths of 0.975 mm (0.375 in.), and infiltrated
with copper. Results of _casile re*is on these congmsites, with

a reinfo_cing-fiber lengh'_-to-diameter aspect ratio of 75, arc

shown in figure 10 for a range of fiber contents. The ultimate

tensile strensths of the composites showed good agreement
with the rule-of-mixtures prediction line used for composites
reinforced with confinaoas fibers.

Although the stress-ttrain behavior and tensile strength
relations observed for discontinuous-fiber-reinforced
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composites are similar to Ihos¢ observed for composites xvith
continuous reinforcement, the mechanism by which such

composttes are strengthened is different. In a composite
reinforced with continuous fibers, the load is carried by the

fibers along their full length. When random fiber breaks

appear, part of the load is carried around this break by

interfacial shear transfer thrtmgh the interface and the m,qtrix.

In a composite reinforced with discontilmous fibers, however,

all _e load must be carried from fiber to fiber by inteffacial

shear tran._fer through the matrix.

The stress distribution along the length of ts discontinuous

fiber is sho;vn schematically in figure 11 (refs. 9 and 10). The
ends ot the fibers, called the ineffective length, can carry a

very high shear stress eastcan carry only a low tensile stress.

Thus, short-length f]ber.g witl not contribute their full tensile
strength to a compcmite. At longer lengths, the shear stress

and tensile stress wiU balance and the' fiber can support the
full tensile load. The length at which a portion of the fiber

starts m carry a stress equal to its full tensiic strength is called

the v-'_d_l length Lerll and may he calculated by

L_.,.- a! _ (6)

where o/is the tensile strength of the fiber, 1)1 is the fiber

diameter, and _"is the shear strength of the matrix. At L:r ..

the average tensilc strength of the fiber will be one-half of

its ultimate tensile strength. As the fiber length gets longer,
a greater portion of the fiber will be able to carry its full tensile
stress. For a ¢onfinuous fiber, the ineffective length at the eJicls

of the fiber hecomes insignificant and the average fiber tensile
strength will be equal to its ultimate tensile strength. For

discontinuous fiber, the ineffective length at the ends of the

fibers cannot carry a fulltensile load. and the average tensile
stress that can be carried by a discontinuous fiber is the ratio

of the effective length (L - Lcn¢) to the total fiber length L as

given by

oy,,_--oI.max I - 2L ]
(7)

where O_=vis the avcrage fiber stress, o/,r_, is the ullimate
tensile strength of the fiber, L is the fiber length, and Lc_t

is the critical length of the fiber. The tensile strength of
a discontinuous-fiber reinforced composite depends on the

_msile strength of the fiber, the length of the reinforcing fiber,

and the shear strength of the matrix or of d_e fiber/matrix

interface, whichever is lesser. This calculation of the average
fiber strength for discontinuous-fiber reinforcement modifies

the composite strengd_ prediction of e.qtiation (5) to

(g)

Thus, at longer fiber lengths, the ultimate tensile strength of

discontinuous-fiher composites will approach that of
continuous-fiber composites. As the aspect ratio decrease_,

the composite strength decreases, but the composite will still

fail in tension. At fiber lengths below L=i . the composite will

fail by shear pullout of the fiber from tbx matrix at a much

lower stress than for the continuous-fiber composites.
The effect of fiber a.qpect ratio on the temiic strength of

copper matrix composites reinforced with discontinuous fibers
becomes more important at elevatext temperatures becau_ rise

shear strength of the copper matrix is reduced. The effect of
several low fiber aspect ratios was re.ported in reference 10

Of,flllX
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Figure I 1 --'Ientlle stress _lnlt_l¢ilt$ oll fibers ofvlrlota lenirlhx (refx 9 and
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for discontinuous-fiber reinforced WlCu composites tested at

523 K (482 "F). The deviations from continuou._-fib_r

composite behavior increased significantly with d_creasing

tiber aspect ratio (fig. t2).
Re.salt., reported/n reference 9 show that W/Ca composites,

reinforced with discontinous fibers of highe¢ aspect ratios, can

exhibit high strengths at elevated temperamre._. Composites

with a disconfinous-fiber aspect ratio of 200 approached the

strenglh valueg predicted for continuous-fiber reinforced

composites at 755 v (900 *F), whereas composites reinforced
with fibers with an aspect ratio of 100 lad lower mrengths.

Similar trends were observed for W/Cu composites te:,ted at

1089 K (1500 "F), except that the deviation from continuous-

tibet behavior was greater (fig. 13). At fiber aspect ratios of

200, the W/Ca composites fail_ ia tension, bat a_ lower

strengths than the coatinaous-fibex composites. At fib_ aspect
ratios of 100, the W/Ca composit_ appeared to be approaching

_he _aidcal eslx_'t ratio. Some composites railed in tension,
while others failed by shear pullout of the fiber from lhe matrix
at lower stresses.

A detailed study was conducted to determine the critical

aspect ratio for W/Ca composites at variou._ _Jnperatures

(ref. 11). A pullout sgocime_ was used, in which a hole was

drilledinto tunggen buttons of various thiclcnesses.A

0.254-mm-(lO-mil-)dian_c-rtung.etchfiberwas placedinthe

hole, and copper was infiltrated between the wire and walls

of the ho|e. Tensile t_sts were coraJucted by pulling on the

bare eml of the wire and on the button. The fiber shear .'ength

was determ/ned by _ thickness of lhe tungsten button. For

longer shear lengths, failure occurred by t_nsile failure of the

tungsten wire (fig. 14). At shorter shear iexq_ths, the wire
remained iaiacl and Fulled out of the matrix in a shear pal]out

failure. The critical aspect ratio wag experimentally me_surecl
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by determining the asp_t ratio where failure underwent a
transition from shear pullout to fiber tensile failure. The

experimentally detern_ned critical aspect ratio increased with

increasing temperature (fig. 15). Th_ rise was fairly minor

up to 755 K (900 "F), but increased rapidly above this

temperature.
The fracture behavior of unidireefional discontinuous-fiber

W/Ca eompodtes is also influenc_ by the orientation of the

fibers. There are three potential fracture modes in fiber-

re.inforeed composites: tensLle failure of the fiber, shear failure
at the tiber/matrix interface, and tensile failure of the matrix

(fig. 16). A componlte will fall at the lowest strength co_ition

predicted from '.hes¢ three potential failure mocl_q at a given
fiber orientation (re£ 9). At very low angles from uniaxiality,
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a composite will fail at a high stress by tensile failure of
the fiber. With increasing misalignment, the fracture mode
changes to a shear failure at thefit's,r/matrix interface, with
an accompanying large decrease ia ttrtmgth. At a fiber
misalignment ofabout65", the fracture rome changes to a
tensile failure in the matrix.

These ealculatiom indicate the hnportar_ of maintaining
axiality in discontinuous-fiber reinforced compoRites, As
the temperature increatu_, the matrix shear strength drops
rapidly, thus reducing the allowable miealignment of fibers
for effective composite reinforcement. At a temperature of
1089 K (1500 "F), compo._ite strength starts to drop at a
misalignment of about 0.5". With misaligmnents of only 3",
them"pullout faSt.re predominate._(fig, 17). and the congx'_ite
ttrength drops by one-half (ref. 9). Thus, for discontinuous-
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Figure 17.--.Cornf_ite .,¢rcngth Lt • ftmction of fiber content tttd orienrlli_

for copper matrix compotite_ reinforced with di_xmt/n_ mng_en fiber;:

fiber astpe_ rttio. I<_ al 1089 K (I._O "F) (ref. 9).

fiber reinforced composites, maintenance of axiality is very
important, much more so than with continuous-fiber
reinforcement.

Effect of Alloying Additions on Properties

of Tungsten Fiber Reinforced Copper
Matrix Composites

"D_I_'evic_ly described model studiesofWlCu c_x_ites
used a pure copper matrix which was insoluble in tungsten.
The effect of reactive matrices on composite properties tv_s
studied by using copper binary alloy matrices containing
elen_ts with varying solubility in tungsten (refs. 12 and 13).
The comp_site.qwere tested at room temperature, and a
micro_rucmml analysis was made to determinethe types of
reactions occurring at the fiber/matrix interface The _nsile
strength_ of the mnguen fiber/copper-alloy matrix composites
studied were reduced m some _e_ree when alloying with the
tungsten fibers occurred. Several of the composite systems
studied, however, showed very little reduction in tensile
strength relative to composites made with a pure copper
matrix.

TI_ee types of reactions were observed to occur at
tungsten fiber/copper-alloy matrix interface: (!) a diffusion-
penetration reaction accompaniedby recrystsllization of the
grains at the periphery of the t_ngsten wire, (2) formation tff
a two-phase zone. and (3) a solid _olution reaction without
subsequent recryst_ilization. Th_ first type of reaction was
observedwith alloyingadditionsof cobalt, aluminum,znd

n_l_l and _ significantdegradationof composite_ength
properties. The uw._nd type of reaction was olncrved with
alloying additions of titanium and zirconium. The third type
of reacdon wa._ ob_rved with a_itiom of niobium trod

.,t 2_,[_A .,.,ry/..... .:



2000 g_

1000

.0ol
I

200

100

£XTRAPOLA'rloN 0 c Ik4TA

.,___OCTILE FR_C,TU_

-/ -"_-'-:-... _._u_
LDUCTILE--'_ --_",-,,.. ,.

F_il_E _N_ _IlILE
"v'_,FIIACIUIE

0 2O aO 6O 80 100

_CRYSTALLI2ED AREA OF FIIE_I, Pi_qCENI

Figure 18.--Effect of recrystJdlizcdJurcaoeextraptdatedlensile slrengthof
tibet for tungsten _ reinforced .cooper--5 wi % cobalt alloy nutLrix
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chromium. These last two types of reactions did not sefioosly

affect the l_OIXalics of the compesi_ studied (refs. 12 and 13).

A correlation baleen d_ tensile strength and ductility of

the composite wa_ observed. In general, those materials that

had the best stnmg_s alp had the best ductilities. The s_rength
aad _ Ix_av_" was also con'dated with dqXh of perctra-
don _ (refs. 12and 13).'rhe pem_ thepemtndon

of the alloying element i_ the tunlptCn wires (causing a greater
percentage of the fiber area to be recgystallizm'), the lower the

u_mk _u'en_ and ductility ef fl¢ composite (fiB. lg). Pmpe_
degradatkm of the comtx_ite was greater dmn that predicuxl

by the simple role-of-mixtures relation based on th_ volume
fractions of the reaction zone and _hc slill-intaol fiber. This

fact, alon 8 with the observed oorrehtions between the ductility

and tensile stre.ng_ of _ fibers in the composite, _ggested

that dmnage was due to a notch-embrivJing effect, k was also
fi:mndthat the diffusion-triggered pencL,'afion-r¢crystal]ization

reaction at the fiberlrsatrix interface could be prevented by
combining de damaging alloying e_ement with one that did

n<x cause this type of rea_ion and that was compaiible with
the fiber.

Stress-Rupture and Creep Properties of

Tungsten Fiber Reinforced Copper

Mar'ix Composites

The initial analyses of W/Cu composites focused on the

thort4ime tensile properties of composites. However, in high-

temperatur_ aircraft engine applications, the long-term creep

behavior a_d stress-rupture properties are of greater

importance. A scric_ of _ograms were conducted to analyze

ti_ strees-rupture prvverties and creep behavior of W/Cu
compoglte_ by using an analysis simi]sr m that u_d for stress-
s..*rain and lensile behavior predictions.

During the initial pha_ of_is program, the stre_s-rupture

properdes of O.127-mm-(5-mii-) d_uneter 218CS-tungsten
wire were dLqermined over a temperature range from 922 to

1644K(1200to 2500 "P).Them_ss-rut_rc tests for the wire
were conducted in a specially design_ testing apparatus

described in referenc_ 14. Results of these tests (ref. 15) ale

shown in figure 19. Tungsten wire retained its fibrous
microstracture and exh/bited ductile fracture behavior at

temperatures up to 1255 K (2000 "F). At a tesg temperature

of 1333 K (2300 *F), th_ tungsten w_rc underseas a tr_sition
in _havior. At short rupture times, the mP,crostrdcmre of the

wire retains its heavily woAed condition, while at longer times

and higher temperatures, reerysmllization _,,rts to remove the
strong, ductile fibrous strttcture and replace it with more

equiaxed rec_'stallired grains, causing reduced strength a_

ductility, in the fiber.

Composites were fabricated using type 218CS-tungs_n wire

and a pure copper matrix. Stress-mptare and creep tests were
oondueted at temperatures of 922 K and 1089 K (1200 and

1500 "F). A crer_ curve of typical W/C'u cowJpo_iteg at each
te_ temperature is shown in figure 20. Am.lysis of the creep

t_havi_r of the composite, combined with the creep behavior

of the copper matrix, atlowed calculation of_he creep be_vior

of the tungsten wire, which could not be metered direcdy

(rcf. 16).
/u'_lysis of the creep curves of a number of W/Cu specimens

indicated that there arc seven stages of ereq3 bchaviot in a

ductile-fiberlductile_nmtrix metal matrix composite such as
W/Cu. 'Schematic creep curves for the composite, fiber, and

matrix are shown i_ figure 21(b), and the stress dislribmion
between the fiber and the re_trix is shown sche_natically in

figure 21(a). The first stage comists of initial e_nstic toading,

analogous to s higbqemT_._rature tens_e test, where both the
tungsten fibers and copper matrix carry a portion of the load

proportional to their elastic modulus. The load carried by each
component can be predicted by using the stage I analysis of

stress-strain behavior at the mess level used in the creep test.

Aflcr a fiber/matrix slress equilibrium is eeached during
initial loading, t,he composite starts m elongate with time by

7(NI_._,TUILE,

0 922 (1200)
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Figure 19.--Effect ol stress on rupture life for at-d_awn O, 127-tmn-(5.mll.)

diam_ tungsten wire at virioot temperatuf¢i (t'eL IS).
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first-stage creep, As the creep rate decreases, there is a
continuing reSelancing of stresses be_ccn tbe fiber and the
matrix, If the two comp(_n_n_ ent_ into second-stage steady-
state creep at different times, then the stronger component,
the fiber, forces the weaker mMrix to edopt its deformation
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Figure 21 .--Sch_mmic of _ curves and st_li_illl_l_itlcm curvei sh_wtng

leven lilies of creep belmvior in lungitcn fibcr reinforced copper mltrix

compozJles (ref. 16).

behavioraftera shortt period.Thischangeinthe
normalbehaviorof theco,, :ntsgivesrisetoaquell-first-

stagecreepgovernedbythecreepcharacteristicsofthefiber.
Eventually a balance is reached between work-hardening

and _.overy, and a constant creep rate is aOained, With t.h¢
auainmem of .,;econd-ltage creep, with its constant creep
rate, there is an additional rebalancing of _tresset between
the components. This stress equilibrium is maintained for a
fairly high fractio_ of test life.
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After a constant _cond-stag¢ c;reep rate is established, the
stress on (.hecomposite which causes a given creep rate may
be calculated from a log.$tress/Iog--creep-rate curve. If the
equilibrium of forces is cormidcred, the stress distribution on
the fiber and matrix can be predicted by

% = e/_+ %v,_ (9)

where _c is the strcsr,on the composite to give a creep rate

of i, a_h and o.., are the stresses on 3_e fiber and on the

matrix m give a creep rate of d. Since it is difficult to
experimentally rata.sure creep rates for fibers, this equation
allows fiber creq_,rates, (at various _,'tregsesand temperatures),
to be calculated when the creep rate of the composite is meas-
ured and the stre_s to cause that creep rate is known foe the
matrix material.

The creep rate_ of W/Cu composites were measured
experimentally and a log-fiber-con_lt/log-creep-rate relation
was plotted for a series of composite stresses. An example
of these plots is shown in figure 22. The fiber contents required



for t given cTeep fete were taken firom these curves ar;d were
plotted for each cor_posite stress in figure 23 to give a mle-

of-nuxttwes relation of composite stress to fiber conzent for

a series of creep fetes. Extrapolation of these data in the
low fiber cor_nt region showed 0_at the ,truces fo_ a given

creep rate are in good ag_ement with the creep fetes for
unreinforced copper at these temperatures.
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Figure23.--StretJ_r • iitven_e_ _ at _ncY,_nof fiber ccmte,gfor
lm_sten fi_r reinforced_ nw_rtxcompofl_e_(re_. 16).

After a period of second-stage creep, most n_tcri_|s pass

into shiM-stage c_eep. Again, the onset of third-stage creep
may occur at different times for the fiber _ the matrix.

Materials such as copper show a considerable amount of third-
stage creep prior m failure. From the data for W/Co compos-

ites in this investigation, it appears tl_, for the same rupture
time, the tungsten wire remained in _ecxmd-stage creep for

a much longer time _an the coppe_ matrix. Since the fiber

and the matrix are bonded togethe_ in the composite, the
s_onger, rate_contrulling component--the fiber--forces the

more easily deformed matrix to _enmin in semnd-stage creep.

process gives rise to a quasi-se_md-smge creep behavior

in the comp_;it_. Th_ behavior reduc_ the sU_ss on the matri_

to a value _ enables it to remain in second-stage creep. The

lowering of the stress on the matrix is compemated by an
increase in the stress on the fiber. Quasi-seco,d-s_ge creep

would be expected to continue until the rate-controlling fibeg
enters third_s_age creep, at w_i_ time a new slre_g dis_bution

would be gel up between the. fiber and the matrix (fig. 21).

Third-stag: creep continues until the fibers s_art to fail a_d

the initiation of composite fi'acture begins. The individua_
fiber_ in a composite have a scatter band of rupture times at

a given strcm. The fibers within the composite would be
expected to _ve a ;caster band similar to that of fibers tested

externally. As the first fibers s_an to fail at random locations,
remaining fibers in the _ite must support a _'ess

sfighfly higher than that _riginally encountered when all
the fibers were intact. With successive fiber fracture, the

actual stress on the remaining fibers continues to increase.

Bvenmally, the _tress exceeds the strength of the xemai_ng

fibers, and the composite fractures. The actual time to rupture

would dialled on the number of fibers present and on the
rupture-time scatter band of the fibers.

Results of stress-rupture tests indicated that the rapture time

of a composite may be predi_ed by a rule-of-mixt_es type

relation similar to tlu_t used to predict composite creep rotes.
For a given composite stress, the log of the rupture time is

a functkm of the log of the fiber content (fig. 2,4). This da_a

was used to de_etmine the fiber contents required for Oven

rupture times for a number of composite stre_e_ as ahown
in figure 25. This plot shows that a linear rule-of-mixtures

relation exists between the composite stress and the fiber

content for a given rupture time. The stress to _use mptnre
of a composite at a given time can be predicted from the

properties of the fiber and matrix by

% = o_,v/+ %v.. 00)

where the stress on a composite to cause rupture in time t can
be calculated when the s_re_-rupture pr_ertie_ of the ,%ez

and matrix are known. Handbook values or expertme, ml &_ta

ctn be used direcdy in equation (I0) to predict the pr%_._ties

of composites.
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The fracau_ behavior ol:_rved from tl,,¢ _ess-rupture tests

of W/Co composites iucLicate_l that the stress redistributions
postulated dur;ng quasi-r_coacl-_Xage and third-stage creep
were valid. Uareinforced copper had a brittle stress-rupture

_i]ur_ wiOz a very snu_li reduction in ._-ea and with a _re_t
deal of inte_-rystalline cracking at the fracture edge. 'This

brittle behavior is typical of materials tested at a very high

fraction of their melting points.
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Ftgute 25.--$tr_ to ¢nur, e rul_UrC in h I0, i00, and 1000 hr us t_nction

of fiber contenl for tOnlPten fil_r reinforced ¢op,_er matrix composite*

(ref. t6).
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The incorporation of a small amount of reinforcing fibers
(about 10 vol %) changed this brittle b _avior to n ve_ ductile

failure in which the copper almost formed a point at fracture.

Since there was no intercrystallin,_ stress-rupture cracking in
the matrix, it appears that the matrix of the composite f£led

in second-stage creep and did not undergo a large amount of

third-stage creep as nonuaUy found in copper° The majority.

of strain probably occurred almost in._nteneously after the
fibers fractured.

C._mpo_ites with higher fiber contents had a less ductile
_e. Although the fibers had about the sm_ reduction

in area as when tested externally (about 80 percent), the

composites had an apparent ductility of about 20 percent
reduction in area. Th_ fiber/matrix bond had been destroyed

at the fracture plane during necking of f,_. fibers, and the fibers
con6nued to neck in their normal behavior until they failed.

The copper matrix between the fibers would then start into

third-stage creep fi_r a _ lime until the fibers broke, at
which time the entire load would be imposed on the matrix

and the remaining matrix would fail il_tantaneous|y.

Although the W/Cu _mposites tested in this study were

thorn primarily a_ a mutually im_lubl_ model system, the
results showed that these composites were very strong. In

figure 26. the IO0-br rupture strength and the lO0-hr rupture-
strength/density ratio at 1089 K (1500 ®P) of two s_peralloys

commonly u_,ed in this temperature range arc compared with
thos_ of W/Cu composites. The pl_ shows ihat at _edia_

fiber contents _ 100-hr rupture strength of the composites

compares favorably with the superalloys. At higher fiber
contents (> 60 vol %), zhe properties of the W/Cu composites

were superior to those of the superalloys, In spite of the

high density of the tung_en wke, the lO0-hr rupture-
st_ngthldensity ratio of the W/Cu composites also compares

favorably with that of the supeTalloy_. 'These results are even

nmre remarkable when considering that the 10_-hr rupture
strength of lmr_nforced copper at 1089 K (150(I "F) is 2.6

MPa (0.379 k._i), whereas a 50 vol % WtCu composite has

a 100-hr mitre strength of about 483 MPa _0 ksi).
The stress-mp_ure end creep results obtained in thi_ W/Ca

model system study served as the basis for methods of
predicting potential metal rna_x _ite behavior at high

te_ and demonstrated the fea_bilhy ofu_in$ tung_tvn
fiber reinforced composites for thls type of application.

Investigations of other fibers, such as W-IThO 2 and
W-2ThO2, W-3Re, W-0.3Hf-0.04C, and W-4ReA3.4Hf-0.02C

alloys, have demon._ated much better high-temperature ten-

sile and creep properties than for unalloyed 218CS..tungsten
wire (r_f. 17). The_¢ fibers were prime candidates for the

development of tungs_n fiber reinforced sup_ralloy matrix
composites (ref. 2).

In addition to the stress-rupture and creep te_t_ conducted

on continuous-fiber W/Ca ¢ompo, ite0, t_ts wcrc alto con-
dueled to de_rmine the effect of critical aspect ratio on the

stress-rup_re life of discontinuou._,.fiber composites (ref. 18).

[

1¢)00

8OO

_0

qo0

200

_O_lO_
MATEI_IAL

R[_ II1

 ilnl'
olIN

0 50 100

(_)

2_0x103

'7 2OO

120

80
a_

0
O 50 1_0

@)
fll_l COtlTEW_, VOL %

(8) l(_-hr rupeur,_.stre_sfiber eonle_t,
to) lO0-brniptur¢*str_t/densily.

Figure2f;-..C'omparito_of lO_-hrruplure-Nte_ and IO0-hzrupmr_-siress,
det_ityrttlo fortunjl_lenfibereeinforcedcopperrmttrlx¢ompo_ttetand
eupep,l_oy_ttt 1(3@9K (}_00 *F) (rcf. 16._

14



Button-_.ad pullout specimens with 0.254-mm-(10-mil-)
dianz¢er tungsten wire infitrated with copper were tested at
922 and 1089 K 0200 and 1500 oF) for nominal shear pullout

_rupture times of I, 10, and 100 hr. These tests used

the mine type of pullout specimen mcafioned earlier and

reported in reference 11. A s_mmary of the results is shown
in figure 27. The observed critical aspect ratios were greater
than in short-time tensile tests but were within the same order

of magnimd_ atthe_st mmperaturesmad. Failuredineswere

controlled by the shcar p_nies of the copper matrix at fiber

embedment lengflLs less than the critical aspect ratio, and by

the tc.a"_lepropertiesof the tungstenfiberm lengthsgreater

than the critical aspect rslio.
results indieatc that the critical a_vect ratio at 1089 K

0500 "F)has only to b, lengthened from about 15 for short-

time te_ile _ m about 30 for a 1OO0-hr life in mess-rupture

service. The most significant result reported in reference 18

deals with the joining of r_tal matrix composites for high-

temperature service. Extrapolation of the re,ults to a higher

stremgth 0.38-mm-(15-mil-) diameter W-2I'IR)2 wire in a

nickel alloy wattrix indicates that a fib¢_ length of only 1.14

cm (0.45 in.) would be required m ach;.eve the critical length

for 1000-1u" stre, s-mpture life e' 1366 K (2000 "F). At the
critical length, the reinforcerr.ent would only be 50 percent

effident, but increasing the fiber length to 11.5 cm (4.53 in.)

would increase the ¢fficitmcy to 95 percent. Therefore

composite panels could be joined with a simple scarf joint with

an overlap of only 5.75 cm (2.27 in.) for a 95-percerl-efficient

joint for 1000-hr stress-rupture life at 1366 K (2000 "F). The

.same efficiency could be obtained for short-time tensile
al_licatio'n_ at 1366 K (2000 "F) with an overlap of 2.2g cm
(0.90 in.).
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Shear stress-rupture pullout tests were al.*,o used to
invcstiga(c the effcc_ of all0_' matrix composition on the critical

aspect ratio (ref. 19). Tungsten fiber pullout specimens were

fabricated using coppex alloys containing up to 10 wt % nickeao

Nickel is soluble in tungsten, and _ick¢! additions to copper
matrices caused xccrystallization of the tungsten fiber and
redttction in strength and duct_.ity of the composites. However,

alloy additions of nickel would also increase the shear _trength

of the ¢opFer matrix, and reaction with the fiber should tcnd
to _ncrease the strength of the fiber/matrix interface. The
results of theseteslsindicated thatnickeladditionsto the

eor4x_ matrix reduced thecritical aspect ratio both in short-

tinm tensile tc_tS and in long-time shea_ stress-rupture tests

(fig- 28). This reduction in critical aspect ratio was caused
by two factor_: the weakening of the tensile and mess-rupture

strength of the fiber and the increase in the shear strength of
tbe matrix and the fiber/matrix interface.

Impact Behavior of Tungsten Fiber
Reinforced Copper Matrix Composites

Matcri_Isforadvanced gas turbinebladesand vanes must

have high stress-rupturestrength,oxidationresistance,and

impact damage resistance. As part of theW/Cu composite

model system program, pendulum impact tests (using a modi-

fied Bell Telephone Laboratory type miniature lzod testing
machine (tel 20)) were co_uc*ed from room temperature to
810 K (1000 *F} on notched and unnotehed miniature Izod

specimens. Results of room-temperature impac! tests are

shown in figure 29. Unnotched specimens with less than
39 vol % fi_r content bent it_a ductile mam_r and v:ere forced

out of the mating machine without breaking. When the fiber

content was higher than 39 vol %, the W/Cu composites broke

on impact, with the impact strength decruaing with incre_in 8

fiber content. In tests at 420 and 810 K (300 and 1000 °F),

,ii ,,, ,, i i
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all specimens bent in a ductile manner while absorbing an
iml_Ct value in excess of 12.88 J (114 in.-lb) print to being

forced out of the testing machine. Notched rainiature Ized

specimens were gso tested end fractured at an impact strength
below that of the unnotched specimen.

Subsequent studies were conducted to determine _e effect

of changing fiber or matrix toughnesson theimpact _.r_gth

of W/Cu composites (tel 21). A set of specimens were
fabricatedat an infiltration temp_amre of 1700 K (2603 "F),

which caused partial recrysmUization of the tungsten fibers.
Partial tecryUallization of_he wires reduced the tensile ureagth

and ductilityofthecompos_. This fl_nml treatmem _duced

the imlmetmength of tlm composites at room tem_ramre.

However fl_eimpaclstrength approached that oftheunrecrys-
tallized-fiber composites at 810 K (1000 "F).

The impact behavior of the W/Cu composite is controlled
by the relative toughness and ductility of the fiber and the

matrix and by the volume fraction of etch ¢o_. Because

of their mutual insolubility, there isno fiber/malrix reaction,
and _te bond betweam the _ and the matrix is prinmrily

mechanical in nature. The impact strength of the composites

iswimarilyt measure of energy absorbed during ¢.lastio-plastic
deformntio_ of the fibers and the ma(rix. The duc_ile-twbrittle

transition tcmperalm_ (DBTT) of as-drawn tungsten wires

is around room temperature. W/Cu composites fabricaged at

1478 K (2200 "F) also had a DBTT around room w.mpera-
lure, whereas the partially recrystallizad fiber WICu compos-

ites ]tad a DBTT somewhat above room temperature. The
un_loyed copper matrix ig ductile at all testing tempe_mres,

whereas the tungsten fibers a_e ductile above their DHrT. Iksh
types of WICu composites were above t_'n" DBTT at elevated

temperatures and showed ductile impact belmvior (ref. 21).
Impact specimens with Cu-TNi or Ca-lONi alloy matrices

sbo_! a more br/ttle behavior (ref. 21). Lbzeinfim;ed _pef-
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Filure 29.--Effect a( flb.._rcoalemlonroom-wmpermurelmOu:tgreagth of
tunggenfiber r_afo¢ced_r matH_composltea(ref. 20).
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nickel alloys had lower impact strenb,_hs than unalloyed copper
at room temperature. Nickel alloy additions to copper also
cause recrystallizafion in the fiber sad reduce the strength

and ductility of the composR¢. The amount of property

degradation is a fuv_tkm of the extm_ of the diffusion-triggered
recrystalli:,.atton in the fiber (fig. 18). The impact test re_lts

showed similar results and indicated that the greater the

depth of penetrationof the diff_ion-_'iggered penetration-

recrystallizafion zoae, the lower the impact ttrength and

e_ctifi_of t_ copp¢:-nickcl alloy matrix composites (fig. 30).

At small reaction depths, the composites were brittle at morn
temperature but were ductile at elevated temperatures. With

larger reaction depths, tl_ Cu-Ni matrix compotites exhibited

brittle behavior throughout their entire testing range up to

811 K (1003 'F) and did not exhibit a transition to ductile
behavior.

Electrical Conductivity ofTungsten Fiber
Reinforced Copper Matrix Composites

Copper and tunpten are two of the best electrical conductors

avatlabte. As part oflhe evaluation and analysis of the W/Cu
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cor_osites program, comlx_sites covering _ wide range of
fiber co_¢n_ were fabricat_ a_d tes'_ to determine the effect

of fiber ¢onte_ on room-temlXVatureelectrical festivity and
condtu_tivtt:,(ref. 22).

Resultsof electrical resisidvityand its reciprocal,cor_ue-
tivity, areplotted in figure 31 as8 fu_-'tionof fiber content.

results showed that the electrical resistivity was a
hyperbolic function of fiber conte_t and that the electrical
conductivity was _ linear mle-_f-mixtures function of fiber
content. The electdc_l conductivity of the composites can be
ex_essed as

where K is the electrical conductivityand V Jsthe volume
fraction of the fiber or matrix.

of thehigh strengthand relmively highelectrical
conductivityof W/Ca composites,they have potential as
practiced, high-strength electrical conductors. By combining
a W/Cu comp_te electrical conductorasa sumceual member.
significam potential weight _avings could be gained in space-
craft applications. Since high._trength electrical conductors
require nu_terialsthat arc a compromise betweenstrength and
conductivity, ratios of ultimate tensile s_rength to resistivity
were compared for various materials. 3"nr values for WICu
composites are plotted over a range of fiber content_ in
figure 32 and are compared t_ current coruluctor_ and high-
strength ehx_ricalcables. 31_ strentqh-to-re=i_tivity ratio for
WILe composites increased rapidly above a fiber c_ntent of
about lOvol %, reacheda maxtmum at about 7Ovol %, and
then fell off to that of the tungsten wire. The ratio of strength
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Pilure 32.--Comps_iton of ultimate tensik strength/r_i_vity ra_iot for
ttms+_z= fiber _.inf(_ce._:lo_pi_r malrlx ,compomit_! wilh tht_r for otter

_t_ical conduclors (ref, 22).

toresistivit_forWICu compositesinthe_ to75vol% fiber
range was about three to seven times thnt of the other
conductors.

For a_pllcafions where density is al_ important, the
materials were a]_ compared on thebasisof ultimatetensile
strengthldensity-to-re_istivity ratio in figure 33. The ratio
b_crea,u_ with increasing fiber content to reach a maximum
at al_',ut 50 vol % and then dropped to the value of tungsten

wire. The plot shows tlutt WICe composites, with a fiber
content of SO to 60 voi %, are aleut 10 to 15 percent better
th_ 11_ best high-_trength electrical cable available, about
30 percent better llmnaluminum,andmorethantwiceasgood
ascopper.

These plots show that W/Cu compositeshave g_d potential

as high-strength, high-electrical-conductivity materials. A fil_r
content of 55 to 60 voL % would probably be the best
compromise between electrical conductivity, strength, and
strength/dendty. A further poten_dadvantageis that with tl_eir
very high tcnsil_ and creep strengths shown at elevated
temperatures, W/Cu composites could also be used at much
higher temperatures than current elec_cal conductors. This
would allowthecomposites_ocarryincreasedcurrentamper-
ages without _tructural damage since conductor overheating
would be s far less severe problem than with standard
conductors.
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Thermal Conductivity of Tungsten Fiber

Reinforced Copper Matrix Composites

Becauseoftlmgood high-temperaturestrengthand electrical

conductivityshown by W/Cu composites,theyel.a)couldhave

a good pofential eL_high-_rength, eleveted-temperantre thermal
conductivity mater;ads, fince thermal conductivity is usually

propo_ional to electrical cor.ductivity. Efforts are eurcenfly
underway to apply W/Cu composites to rocket thrust chamber

liners to take advantage of the high-temperature _rength and
thermal conductivity propertes of W/Cu composites.

Advanced rocket engine_, such as the space shuttle main
eng_r_, must be capable of _ use. As a consequence,

d_e combusd(m chamber wedb mu_t undergo numerous themml

cycles with significant thermal strain. Currently these high-
pressure _rust chambers are life-limited because of plastic
strain levels encouretered in the hot.gas-side wall during each

thermal cycle. "This high _,tninlevel is cau,._lby the large

hot-gas-side wall to outer-surfac_ wall temperature differew.e

that exist_ during the bum portion of the cycle. The large

plastic strains from these repeated them_al cycles appear to
cause thinning of the cooling passage wall at the centerline

until the wall thins to n point where it can no longer sustain
the high pressure load and finally fails in fatigue as shown

in figure 34. The failed section of the chamber wall Js indicated

by the arrow in the photograph.

Based on the good high-temperature properties of WlCu

composites, n preliminary fabrication demonstration and

testing program was conducted to determine the feasibility of

using W/Cu composites as rocket thrust chamber ¢ombestion

liner materials. Mater_ls for the composites, w_ch were

cho._n on the basisof strength m_ thecrml cond_c_vity,

were a 0.2-mm-(8-mib) diameterW-3Re (type3D, General

ElecuicCo.) fiberand a Cu-0.15Zr (An_zirc)matrix(which

has about thesame thermalconductivityas OFHC copper)..

Fiber content was selec(ed from design projtctions of the

strengthand thermal conductivityof W/Cu composites for a

minimum-wright configuration (figs. 35 and 36). The goal was

to get a sL_engthimprovement over the currentliner material,
NARIoyoZ (O_-3Ag-0.5Zr) (Rocketdyne Div., R_kwell

International Corp.), with a minimal loss in thermal

conductivity.
The strength and thermal cycle behavior of W/Cu compos-

ites were determined by fabricating and testing W/Cu

cx'nnposit¢ tubes.A l0 vol % fiber content was chosen to meet

the strength, conductivity, and weight requirements. The

s i

Figure34.--l[ocket thmu chamberwith embrgement of fatiguefailure
in¢oollngpaesage_tll(ref.23).



composite robes were 8.5 times stronger than similar unrein-
forced coppe_ tubes in internal pressurization tests at 1228 K
0700 "F). In ad_don, the W/Cu compo_e _ were thenml
cyclod from 339 to 866 K (150 to ! 100 "F) and exhibited no
thermal distortion after 2000 cycles. Several cylindrical
combustion liner test _ecin,,er,.s were fabricated for future
evaluation hi rocke_e_ne test firings (fig. 37). "rnefinal phase
of the program made s sub._ale combustion liner fabrication
demonstration structure in which a one-third size, bL_r-glass-
r_ped composite cor_bustion liner was successfully fabricated
{fig.38).
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Figure 37.--'[_ngs_en fiber reinfi_'ced_opper rmu'tix cylindrical ¢_ornbu_,Jon

liter_ _pedm_ (ref. 2_).

Concluding Remarks

NASA Lewis Research Center conducted a _ries of research

programs to evaluatethe properties of tungsten fiber reinforced
copper matrix composites. The WICu composite system was
chosen as a model system because of the mutual in.colubility
of tungsten and copper which allowed the individt;e] properties
of the fiber and matri)_to be related to the proper|its of fl_e
c_mposities.Mc_t of the cc_posifie_ studiedhadpurecopper
matrices, bu_ $om¢ copper alloys al._owere studied to give
insight into diffusion-reaction kinetics. In the cour_ of the_c
studies, _ess-strain behavior, tensile and creep behavior, and
impsct and conductivity behavior wcrc analyzed.
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The choice of the WtCu composite system and the use of

liquid infiltration fabrication allowed composites to be made

over a wide range of fiber contents. Therefore, a number of

_cimens could be made and tested so that properties could

be analyzed in depth. Because the tungsten fibers and the

toper mat_x were mutually insoluble,d¢ properties of each

c_mponent could be evaluated independent!y. Because the

tungs_te,_ fibers and the copper matrix form a strong bond at

the fib_rlmatrix interface, the components of the composite

always strain equally, with the actual strain being a sirens-

strain-related balance between the prop_mes of the two

components. The _ule..of-mixmres predictions were developed

by analyzing these stress-strain relations.

At the time of the initial W/Ca studies, metal matrix

composites technology was in its infancy. The high-strength

W/Cu composites tested in these statics generated a great deal

of interes_ and the role-of-mixtures analyses first developed

in these studies gave the initial impetus for the development

of metal matrix composites. Since then, the rule..of-m',,tures

relations developed in these studies have been universally

adopted as the criteria for measuring composite cffici_cy.

Although most of this work was aimed at analyzing W/Cu

composites as a model system, die practical uses of their

properties were recognized. Thus, these c_nntx_sites are being

considered for specialized aerospace high-temperature, high-

strength, high-conductivity applications.

Lewis Research Center

NaTional Aeronautics and Space Administration

Cleveland, Ohio, April 6, 1989
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